Abstract. Many volcanoes exhibit temporal changes in their degassing process, from rapid gas puffing to lava fountaining and long-lasting quiescent passive degassing periods.
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INFLUENCE OF NON-NEWTONIAN RHEOLOGY...
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Among the different factors controlling the eruptive dynamics of volcanoes, degassing processes are thought to directly control the intensity and style of the explosive activity [Ripepe, 1996; Parfitt, 2004; Houghton and Gonnermann, 2008] . Due to decompression during magma ascent, bubbles nucleate, grow and coalesce. This two-phase flow exhibits different regimes: bubbly flow, where the liquid is filled with a dispersion of small bubbles; slug flow, where larger bubbles (slugs), with a diameter of the order of the conduit size, rise quasi-periodically; churn flow, where slugs break down, leading to an oscillatory regime; and annular flow, where the gas flows continuously at the conduit center and the liquid is confined on the walls [Wallis, 1969; Taitel et al., 1980] . Although these regimes are well characterized in the engineering literature, their application to volcanoes, where the degassing activity can change in time [Gonnermann and Manga, 2007] or several mechanisms of degassing can co-exist at once [Houghton and Gonnermann, 2008] , still raises many questions.
Temporal changes in the degassing process are observed through the alternation between these different regimes. In particular, Strombolian activity has been mathematically described as an intermittent phenomenon [Bottiglieri et al., 2008] , where intermittency here refers to a system (the volcano) which can switch back and forth between two qualitatively different behaviors, while all the control parameters remain constant. Non-linearity is essential to describe and reproduce spontaneous changes of activity observed in volcanic eruptions [Woods and Koyaguchi, 1994; Melnik and Sparks, 1999; Bottiglieri et al., 2008] , but its origin still remains under debate. Most of the previous studies invoke changes in gas flux and/or magma flow rate at depth [Ripepe et al., 2002, Woods and Koyaguchi, 1994] .
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Bubbles rising in magma can also lead, by deformation under shear and coalescence, to the formation of channel-like bubble networks, which makes it possible for the gas to percolate through the system [Okumura et al., 2006; Burton et al., 2007; Okumura et al., 2008] . If these structures provide a possible explanation for quiescent degassing, they do not explain, however, the intermittence observed in the degassing regimes.
Magma Rheology
At low strain rate and small volume fraction of crystals, the magma can be considered as Newtonian. Departure from this behavior may be observed on the one hand, if the magma has a crystal fraction φ c > 0.1 [Fernandez et al., 1997] as, for example, Strombolian magma [Francalanci et al., 1989] . On the other hand, for strain rates higher than 1/τ, where τ is the relaxation timescale, magma exhibits brittle behavior [e.g. Dingwell, 1996] ; for fully molten silicate systems, for instance, the transition to nonNewtonian behavior seems to occur at strain rates 2-3 orders of magnitude lower than 1/ τ [Webb and Dingwell, 1990] . One characteristic of the non-Newtonien behavior is that the magma viscosity decreases with increasing strain rate [Gonnermann and Manga, 2007 , Webb and Dingwell, 1990 , Lavallée et al., 2007 , Caricchi et al., 2007 . Moreover, for higher crystal content (φ c > 0.3) magma seems characterized by the presence of a yield strength [Fernandez et al., 1997] .
Contrary to viscous Newtonian fluids, fluids exhibiting a yield strength are able to trap bubbles permanently. Indeed, in Newtonian fluids, small bubbles may rise very slowly but at long time, they are always able to reach the free surface. In fluids characterized by the existence of a yield strength c σ , bubbles with a radius r<3σ c /(4∆ρg), where ∆ρ the hal-00593301, version 1 -13 May 2011 difference between the gas and fluid density and g the gravitational acceleration, cannot rise and remain trapped in the fluid. The presence of small bubbles can strongly modify the rheological properties of magma [Manga et al., 1998, Manga and Loewenberg, 2001] .
Moreover, the rheological properties of magma can evolve through time with temperature, volume fraction of bubbles, crystal content, etc. This point led several authors to propose that the variations of magma rheology could be responsible for the spontaneous changes in eruptive styles observed at different volcanoes [Jaupart and Vergniolle, 1988; Dingwell, 1996 , Caricchi et al., 2007 , Gonnermann and Manga, 2007 .
We propose, based on laboratory experiments, that shear-thinning properties and the existence of a yield strength in magmas are key ingredients which may control the eruptive dynamics. Moreover, the evolution of shear-thinning and yield strength with increasing bubble content is an important factor governing the changes in degassing regimes.
Experimental setup
The experimental setup consists of a vertical plexiglas tube (inner diameter 74 mm, is recorded for at least 3 days. Then, we reverse the process by decreasing the flow-rate Q down to Q min , still with δQ steps. The whole process is here referred to as a flow-rate cycle.
At the beginning of the experiment, before the first flow-rate cycle is applied, the fluid is free of bubbles and the void fraction φ=0 (pure gel). During the first flow-rate cycle, the successive bubbles bursting at the surface generate small satellite bubbles, which remain trapped in the bulk due to the fluid yield strength. These bubbles progressively accumulate below the free surface [Divoux et al., 2009; Vidal et al., 2009] . In stationary regime, a vertical gradient of small, trapped bubbles is thus observed along the fluid column.
Variable degassing process at constant flow-rate
First, we focus on the degassing dynamics when injecting a constant flow-rate. In stationary regime, under a critical flow-rate (Q<Q * ), cusped bubbles form, rise and burst quasi-periodically at the free surface of the non-Newtonian fluid (bubbling regime). The overpressure δP exhibits successive rises and drops, each sequence associated with a single bubble formation at the bottom of the fluid column (Fig. 1, top) . If the imposed flow-rate is above Q * , we observe that the system spontaneously alternates between two states: the bubbling and the channeling regimes (Fig. 1, center) . We call channeling when an open channel connects the nozzle to the fluid free surface. In this regime, the overpressure inside the chamber only differs from the atmospheric pressure by the pressure drop in the channel. Nonetheless, δP is characterized by a low frequency evolution due to small changes in the mean channel diameter and still exhibits small amplitude oscillations associated with the upwards advection of the irregular channel shape (Fig. 1, bottom) [Kliakhandler, 2002] . .
For each applied flow-rate Q, we run the experiment for a long time (typically, a few days) and measure, for each value of Q, the percentage of time spent in the bubbling regime. In Figure 2 , we report the probability for the system to be in the bubbling regime.
The transition between the bubbling regime, in which the degassing process occurs through the successive emission of bubbles, and the intermittent regime, in which the system alternates between bubbling and channeling, is sharp. It is therefore possible to define clearly a critical flow rate Q * (Fig. 2) . Note that the system dynamics, below and above Q * , is not symmetric. For Q < Q * , the degassing process always corresponds to the
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-7 -bubbling regime, and the formation of the channel is never observed. For Q > Q * , however, the channel always has a finite lifespan and collapses back to the bubbling regime, even for large flow-rate; in this latter case, its collapse is followed almost immediately by the opening of a new channel. We find that the critical flow-rate Q * does not depend significantly on the initial height h 0 of the fluid column and of the volume of the air tank, and only depends on the rheological properties of the fluid [Divoux et al., 2009] .
Gas volume fraction and magma rheology
Here, we focus on the transient regime during which an initially pure gel (φ=0) progressively fills up with small bubbles trapped in the column. We thus consider the increase of the gas volume fraction φ through time. The satellite bubbles are generated both by the bubbles bursting at the surface, or by the channel pinch-off during the transition between the channeling and bubbling regime. They preferentially accumulate at the center and top of the fluid column, leading to a roughly linear variation of the void fraction as a function of depth inside the fluid column (vertical bubble gradient). It is important to note that contrary to previous works which reported the role of porosity on bubble coalescence, in our system the channel is not formed by bubble coalescence in the bulk. It is rather a Saffman-Taylor finger-like structure [Saffman and Taylor, 1958] , -8 -bubble fraction evolves in time is, in this experiment, equivalent to consider a change in rheology through time, the latter being coupled to the system dynamics.
We define Q * 1 as the threshold flux measured during the first flow-rate cycle, starting with a gel initially free of bubbles. During the second cycle, the column has been filled with small bubbles and we get Q * 2 < Q * 1 (Fig. 2) . From the third flow-rate cycle, the small-bubble gradient does not evolve anymore and Q * remains equal to Q * 2 . The critical flow-rate Q * is therefore linked to the rheological properties of the fluid, which depend here on the gas volume fraction φ. Note that the closer the imposed flow-rate is to Q * , the faster the column fills up with bubbles. Indeed, for Q << Q * or Q >> Q * , the vertical bubble gradient is not fully developped after one week, while for Q ~ Q * , the bubble gradient is established within a few hours. This observation points out the importance of the channel pinch-off in the satellite bubbles production.
We measure the average gas volume fraction in the system as
, where h is the total column height and h 0 its initial height, as a function of the imposed constant flow-rate Q (Fig. 3) . During the first cycle, φ exhibits a maximum around Q * 1 . Indeed, the closer Q is to Q * , the faster the bubble gradient develops, leading to the column expansion. Note that this maximum exists only for the first cycle (Q * 1 ). During the following cycles, the bubble gradient is already established and there is no further evolution of the gas volume fraction.
When increasing Q, the formation of a dome on the top of the gel column is observed (Fig. 1) . We measure the dome height, ∆h, during the first cycle when increasing (Fig. 4 , top) and then decreasing (Fig. 4, bottom) Q . As the flow-rate reaches Q 
Implication for Magma Degassing
The two degassing regimes in this experiment might be interpreted in terms of volcano dynamics. In order to attempt an analogy, however, it is necessary to consider a frame where only degassing occurs -no net mass flux of fluid. In the stationary regime (constant gas flux and fixed magma rheology, i.e. fixed gas volume fraction), a volcano will exhibit, in this frame, two different degassing dynamics: for Q < Q * , it will be in the bubbling regime, exhibiting quasi-periodic bubble bursting, whereas for Q > Q * it will experience an intermittent behavior, spontaneously alternating between the bubbling and channeling regimes (Fig. 2) . If the gas volume fraction evolves through time (transient regime), it will modify the magma rheological properties, and then the critical flow rate Q * , changing the volcano degassing dynamics. For instance, a volcano with an initial small void fraction and constant gas flux Q just below the critical Q * will be in a persistent quasi-periodic bubbling regime. Due to the increase of the gas volume fraction φ, Q * will decrease, leading to Q > Q * and driving the volcano to an unstable intermittent dynamics.
While the bubbling regime has an equivalent in the bubbly flow of volcanoes where bubbles rise and burst at the magma surface, generating quasi-periodic explosions, the channeling regime is more difficult to interpret in terms of magma dynamics. On the one hand, it could represent the annular flow, where the gas continuously flows through the hal-00593301, version 1 -13 May 2011
-10 -conduit, generating sustained lava fountains. On the other hand, the continuous, quiet emission of gas in this regime recalls more quiescent magma degassing.
Conclusion
Laboratory experiments of degassing in a non-Newtonian fluid column demonstrate that the rheological properties of the fluid, alone, can be responsible for the observed alternation between different degassing regimes. This result can be interpreted in terms of variability of the explosive activity on volcanoes. This mechanism does not dismiss previous ideas [e.g. Jaupart and Vergniolle, 1988; Melnik and Sparks, 1999] This conclusion is consistent with other theoretical and experimental studies which point out magma rheology as the factor controlling the eruptive dynamics of volcanoes [Caricchi et al., 2007; Manga, 2007, Lavallée et al., 2008] . Besides, we provide an experimental evidence of the formation of a gas-channel different than the one proposed in previous study. In our experiments, the gas channel is not formed due to porosity and bubble coalescence in the bulk, but is rather a finger-like structure, growing from the fluid bottom up to the free surface. We show that, in a shear-thinning nonNewtonian fluid, a gas-channel is likely to form even at constant flow-rate. The
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